Temperature evolution during magnetic reconnection has been spectroscopically measured for various ion species in a toroidal magnetized plasma. Measurements are made predominantly in the direction parallel to the equilibrium magnetic field. It is found that the increase in parallel ion temperature during magnetic reconnection events increases with the charge-to-mass ratio of the ion species. This trend can be understood if the heating mechanism is anisotropic, favoring heating in the perpendicular degree of freedom, with collisional relaxation of multiple ion species. The charge-to-mass ratio trend for the parallel temperature derives from collisional isotropization. This result emphasizes that collisional isotropization and energy transfer must be carefully modeled when analyzing ion heating measurements and comparing to theoretical predictions. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Ion heating and acceleration during magnetic reconnection have been observed in many laboratory [1] [2] [3] [4] and astrophysical plasmas. [5] [6] [7] In spite of extensive theoretical and experimental efforts, the underlying mechanism of conversion of magnetic energy to particle thermal energy is not clearly understood. Multiple mechanisms might be active during magnetic reconnection, each important for different aspects of the heating and acceleration processes. In this paper, we describe an experimental observation which may help further refine our understanding of the mechanism of impurity ion heating during magnetic reconnection. Line-averaged spectroscopic measurements of various charge states of impurity ions are made during magnetic reconnection events in a toroidal magnetized plasma. It is found that the increase in ion temperature during magnetic reconnection, measured predominantly in the direction parallel to the equilibrium magnetic field, increases with the charge-to-mass ratio of the ion species. This trend can be reproduced by a model in which ions are heated only in perpendicular direction, and the parallel temperature evolves solely through collisional isotropization. This observation brings out the importance of considering collisional isotropization in understanding the ion heating mechanism, as well as indicating that the mechanism of impurity ion heating during magnetic reconnection events favors the perpendicular degree of freedom.
II. EXPERIMENTAL SETUP
Experiments are carried out in the Madison Symmetric Torus (MST) 8 reversed field pinch, which is a toroidal plasma confinement device with a major radius of 1.5 m and a minor radius of 0.5 m. In MST, the magnetic field lines are purely toroidal at the core and become more poloidal toward the outer regions of the plasma as shown in Fig. 1 . The pitch of the helical magnetic field lines varies dramatically from the core to the edge, enabling long wavelength spatial perturbations known as tearing modes to resonate and grow at many locations in the plasma. These multiple coupled resonant modes grow, overlap, and lead to magnetic reconnection and field line stochasticity. The instability intensifies and relaxes cyclically throughout the plasma discharge, producing a quasi-periodic chain of magnetic reconnection events. 9 For the experiments reported in this paper, deuterium plasmas of toroidal plasma current $400 kA, line-averaged central electron density n e $ 0:8 À 1 Â 10 19 m À3 , and central electron and ion temperatures $400 eV are formed. Plasmawall interaction liberates impurities into the plasma. In MST, the dominant impurities are aluminum, carbon, oxygen, and nitrogen. Ionization balance of these impurities mainly depends on the electron temperature (through electron impact excitation) and neutral density (through charge-exchange loss). Measurements reported in this paper are made at the edge of the plasma (impact parameter, r/a $ 0.92) where electron temperature is relatively lower ($50-100 eV) and neural density is relatively higher, leaving these impurities predominantly at their lower charge states. Doppler broadened line-averaged emissions of various atomic transitions, as tabulated in Table I , are measured using an ion Doppler spectrometer. 10 Gyro-radii of these ions are less than the distance between the measurement location and the wall. So it is unlikely that the ion gyro radius clipping affects our temperature measurements. As the viewing chord passes through the edge of a radially thin emission shell, these measurements are somewhat localized. It can be shown (see Appendix) that this edge chord measurement is sensitive only to the a) Paper BI2 2, Bull. Am. Phys. Soc. 57, 22 (2012). temperature parallel to the magnetic field lines. During a reconnection event, the electron temperature decreases and the neutral density increases (due to increased plasma-wall interactions), causing the emission shell of these lower charge states to move inwards to a slightly higher ion temperature region. This shift could result in an apparent increase in ion temperature in the measurement. However, the movement of emission shell for the ions reported here is found to be less than the spatial resolution of this measurement, having negligible effect on the interpretation of the data presented in this paper.
Temperature evolution of one of the ions (C þ4 ) is shown in Fig. 2 for reference. The data are averaged over a large number of similar magnetic reconnection events. The error bars include both statistical and instrumental uncertainties. Increase in temperature is calculated by subtracting average temperature away from the event from the peak temperature at the event. Similar measurements have been done for the other impurity species as well. The increase in ion temperature of these ion species versus their charge-to-mass ratio is plotted in Fig. 3 . It is apparent that the parallel ion heating at the reconnection event increases with the charge-to-mass ratio of the ion species. The decrease in magnetic energy stored in the plasma, which is the energy source for the ion heating, is similar for all reconnection events used for this analysis.
III. DISCUSSION
It is well known that magnetic reconnection in MST results in significant ion heating. 2, [11] [12] [13] It is also known that the ultimate energy source is the equilibrium magnetic field created by inductively driving current in the plasma. At the reconnection event, the stored magnetic energy decreases significantly, and this decrease in magnetic energy in MST is well correlated with the increase in ion temperature.
14 For reference, the decrease in magnetic energy for the typical plasma parameters reported in this paper is $20 kJ. The heating occurs in a time scale ($0:1 ms) much shorter than the electron-ion collision time ($10 ms). Also, the electron temperature is much less than the ion temperature. Hence the heating is very clearly non-collisional.
Several theoretical models have been put forward to explain the ion heating mechanism. There are three models which are extensively discussed in relation to the observations in the reversed field pinch: viscous damping of the flows generated at reconnection, [15] [16] [17] stochastic heating, 14, 18 and cyclotron damping of magnetic fluctuations 19, 20 Viscous damping of flows requires high flow velocity (on the order of ion thermal velocity) and strong velocity gradient (on the order of ion gyro radius) to result in any significant ion TABLE I. Impurity ion species, atomic transition wavelengths and their charge-to-mass ratio (Z=l, where Z is the ionic charge and l is the ratio of the ion mass to the proton mass.). 
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Phys. Plasmas 20, 056501 (2013) heating, which have not yet been observed experimentally. Previous experimental measurements of the bulk ion temperature showed a mass dependence that suggested a stochastic heating mechanism 14 However, impurity ion temperatures suggest a mass and charge dependence. The ion cyclotron damping model examines the role of turbulent magnetic fluctuations in heating the ions. In MST, the magnetic fluctuations exhibit a turbulent cascade, with the total fluctuation power increasing strongly during the reconnection event, 21 as shown in Fig. 4 . Magnetic fluctuations gyro-resonate with the ion species and the fluctuation power is damped to the ions at their resonant cyclotron frequencies. Cyclotron heating is expected to produce anisotropic temperatures with a particular charge-to-mass ratio scaling. Heating is in the perpendicular degree of freedom. In the absence of a parallel heating mechanism, the increase in parallel temperature is solely due to collisional isotropization. A significant anisotropy in the ion temperature during reconnection is, therefore, expected. The heating rate is proportional toB
ci is the magnetic fluctuation power at the ion cyclotron frequency, Z is the ionization state of the species, and l is the ratio of the ion mass to the proton mass. 22 Ions with lower charge-to-mass ratio will resonate at lower frequencies where the heating power is higher.
There are some previous experimental evidences of ion heating from MST which favor the ion cyclotron damping mechanism. For example, Scime et al. 2, 11 have observed that the anomalously high ion temperature during magnetic reconnection is well correlated with structure in the magnetic fluctuations spectra. In other experiments in MST, significant temperature anisotropy has been observed in impurity ion heating during magnetic reconnection, indicating a heating mechanism which favors the perpendicular degree of freedom.
3, 13 Tangri et al. 19 observed that the impurity heating rates in MST are consistent with ion cyclotron damping expectations.
For MST plasmas, heating from ion cyclotron damping should decrease with the charge-to-mass ratio since the fluctuation power is higher at lower frequency, despite the heating rate scaling as Z 2 =l. However, our experimental observation is the inverse. As shown in Fig. 3 , the increase in temperature increases with the charge-to-mass ratio. This could possibly be due to the measurements being most sensitive to the component of the temperature parallel to the equilibrium magnetic field whereas cyclotron damping heating is solely in the perpendicular direction. Increase in the parallel temperature, in the absence of a separate parallel heating mechanism, would solely be due to collisional isotropization.
To investigate this possibility, a simple collisional isotropization model is used in which the ion temperature is evolved according to
where subscripts z and D represent impurity ions and deuterons, n z is the density of impurity ion species, C operators represent collisional equilibration between the deuterons and impurity ions and the J operators represent the collisional isotropization of the impurity on all other impurity species (see Appendix A of Ref. 6 for definitions of C and J terms). Q ? and Q jj represent heating in perpendicular and parallel directions, respectively. Energy is transported through collisional isotropization and equilibration processes (first two terms in the equations) as well as the anomalous transport ( T s ), where s is the ion energy confinement time.
For modeling the ion cyclotron damping, the ad-hoc heating term is assumed to be purely in the perpendicular direction (Q jj ¼ 0) with a magnitude Q ? / DB 2 ci Z 2 =l, consistent with the theory. 22 Here, DB 2 ci is the difference in fluctuation powers at and away from the reconnection event, at the cyclotron frequency of the ion species. This value is obtained from the poloidal magnetic fluctuation (B h ) power spectra measured at the edge of the plasma (Fig. 4) . Heating is applied only for a small duration around the reconnection event as shown in Fig. 5(b) . The first four ionization states of all major impurities (B, C, N, O, and Al) are included in the model. Subscript i in the summation represents all ions in the model. Densities of impurity elements are assumed to be 2% of the electron density at r/a $0.92 (n e $ 0:5 Â 10 19 =m 3 ) and the ionization balance of these impurities are calculated using a collisional radiative model (The Atomic Data and Analysis Structure (ADAS) (Ref. 23) ). Time evolution of main ion (deuterium) temperature at the edge of the plasma is not available. Therefore, the deuterium temperature measured in the core by Rutherford scattering 24 is used, scaled to a lower value appropriate for the edge region [ Fig. 5(a) ]. The main ion temperature is assumed to be isotropic (T D jj ¼ T D ? ¼ T D ). All impurity ions are assumed to have same initial temperature. Therefore, inter-species equilibration (other than deuteron-impurity equilibration) is ignored. The heating term and the confinement time are the two main variables in the code. Various combinations of these two parameters can reproduce the experimentally observed charge-to-mass ratio dependence of the parallel temperature   FIG. 4 . Power spectra, at (solid line) and away from (dotted line) the reconnection event, of magnetic fluctuations (B h ) measured using magnetic pickup coil at the edge of the plasma.
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Phys. Plasmas 20, 056501 (2013) increase. For the model results presented here, we used an ion energy confinement time of 1 ms. Time evolution of the modeled parallel and perpendicular ion temperatures for C þ4 is shown in Fig. 5(c) . Increase in temperature is calculated in a similar way to the experimental data (see Fig. 2 ). Figs. 6(a) and 6(b) show the change in parallel and perpendicular temperatures, respectively, at the reconnection event for all ions, as a function of their charge-to-mass ratio. It can be seen that the parallel and perpendicular ion heating depends on the charge-to-mass ratio differently. While the perpendicular heating decreases with charge-to-mass ratio, as expected from the cyclotron damping mechanism, the parallel heating has an inverse trend, similar to what is observed in the experiment. Even though the species with low charge-to-mass ratio gain more perpendicular heating, their poor collisional isotropization results in a reverse trend in the parallel direction. The increasing anisotropy toward lower charge-to-mass ratio is a testable prediction which could be investigated in future. It can be seen that the model reproduces the trend reasonably well even though the absolute values are different. The model shows that the increase in ion heating with charge-to-mass ratio for the parallel temperature is consistent with the cyclotron damping model.
Even though the experimental observations are found to be consistent with the cyclotron damping mechanism, the model does not rule out the possibility of other mechanisms. There are two main features of the model which should be highlighted:
1. The experimentally observed charge-to-mass ratio trend of the parallel temperature, and an inverse trend in the perpendicular temperature similar to that shown in Fig.  6(b) , can also be reproduced with a constant heating term for all the species, instead of Q ? /B 2 ci Z 2 =l, as shown in Fig. 7 . This observation implies that a charge-to-mass ratio trend in either parallel or perpendicular increase in temperature during magnetic reconnection may not necessarily indicate a charge-to-mass ratio dependent heating mechanism. 2. A charge-to-mass ratio dependent heating solely in the parallel direction (Q ? ¼ 0; Q jj / Z=l) could reproduce the experimentally observed trend in the parallel temperature. However, this mechanism results in an anisotropy in the temperature, T jj > T ? , which is inconsistent with previous anisotropy observations (T jj < T ? ) (Refs. 3 and 13). A heating predominantly in the perpendicular degree of freedom is, therefore, required.
IV. CONCLUSIONS
This paper reports an experimental observation of charge-to-mass ratio dependent ion heating during magnetic reconnection. The observed trend is the inverse of what is expected from ion cyclotron damping-a heating mechanism which is expected to produce a charge-to-mass ratio scaling. However, a simple model which incorporates collisional isotropization suggests that the observed dependence of the 
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Phys. Plasmas 20, 056501 (2013) parallel temperature increment on Z=l may arise from a combination of predominantly perpendicular heating (with or without Z=l dependence) and collisional isotropization. The collisional relaxation of such anisotropic heating occurs much more slowly for low Z=l ions than for high Z=l ions.
The simple collisional isotropization model employed in this work neither captures all of the physics nor explains all of the observed features, but it clearly highlights the importance of considering collisional isotropization in understanding the ion heating during magnetic reconnection.
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APPENDIX: CALCULATION OF T ? AND T jj MIX ALONG THE VIEWING CHORD
In spectroscopic measurement of ion temperature from thermal broadening, the measurement is sensitive only to the component of thermal velocity parallel to the viewing chord. For the measurements reported in this paper, the viewing chord passes through the edge of the RFP plasma where field lines are predominantly in the poloidal direction. The angle h that the field lines make with the viewing chord is shown in Fig. 8 . In order to calculate the component of velocity parallel to the viewing chord, velocity space coordinates are formed with the viewing chord making an angle h with the v jj , as shown in Fig. 9 . Here, v jj and v ? are thermal velocities parallel and perpendicular to the field lines, respectively. From Fig. 9 , it can be shown that
From the equation of the ellipse, From which temperature measured at each point along the chord can be calculated as
where T ? and T jj are local temperatures in the perpendicular and the parallel direction to the magnetic field line, T measured is the "mixed" temperature measured in our experiment. It can be seen that for small angles, the T ? and T jj mix along the viewing chord is negligibly small. 
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Phys. Plasmas 20, 056501 (2013) In order to calculate the effect of this mixing in the chord averaged value, a parabolic radial profile of ion temperature is assumed and the variation of ion temperature along the viewing chord is calculated. Parallel and perpendicular temperatures along the chord are then obtained by multiplying the model predicted local T ? and T jj with the normalized ion temperature profile along the chord. The chord averaged temperature is then calculated as
where L is the half length of the chord. Chord averaged parallel and the mixed temperatures for a case of large anisotropy are shown in Fig. 10 . It can be seen that the T ? mixing in our measurement is negligibly small even at large anisotropy.
